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Abstract
Gonionemus vertens appearances and stings have been increasing internationally. The medusae
of this hydrozoan are small, having an average bell diameter of 2 cm, and are noted for their
potent stings that can lead to systemic pain, hospitalization, and disrupted neurocognitive
function. They are typically found among algae and in eelgrass beds during the summer months
when the population peaks, thus posing a seasonal public health concern for those participating
in recreational water activities. To explore the nature of this species’ toxic sting, transcriptome
libraries were constructed from poly A+ mRNA isolated from mature individuals and sequenced
on an Illumina Mi-Seq platform. Raw RNA-seq data was assembled de novo using Trinity and
assembly completeness was verified via BUSCO analysis. The Venomix pipeline was used to
extract venom candidates from the resulting transcriptome. A preliminary characterization of the
transcripts was completed using GO FEAT and supplemental protein structural analysis by
Phyre2. An initial analysis based on categorization of BLAST hits shows that metalloproteases
and kunitz-type protease inhibitors dominate the venom composition. Expression analysis
corroborates the dominance of metalloproteases, particularly those that are astacin-like and
contain the ShK domain, which is known to be a potent potassium channel inhibitor with
neurotoxic effects. Many other candidates including neprilysin, plancitoxin, hyaluronidase, and
jellyfish pore-forming toxin align with many of the observed physiological symptoms of G.
vertens envenomation. An astacin-like metalloprotease with a unique combination of ShK and
discoidin domains was also identified. This study is the first to assemble the transcriptome of G.
vertens from which venom candidates were extracted and serves as a resource to discover
potentially novel proteins with broad applications and to better understand the diversity of
cnidarian venoms.
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Introduction
Venom Overview and the Relevance of Cnidarians
Perhaps it was Medusa with her head of writhing snakes or the winding tentacles of
medusae that solidified the connection between venom and danger, fascinating humans for
centuries; or maybe it was evolution that equipped us with fear to detect and escape predators
that reinforced this connection (Isbell, 2006). Regardless of myths and hypotheses, we have not
only had good reason to be wary of those that sting or bite, but to study the science behind them.
From its use as a primitive weapon to the creation of the first antivenom (Leon et al., 2001), our
understanding of venom has only grown. At the molecular level though, venom still remains
much of a mystery that once solved, promises applications ranging from pathway discovery to
novel drug development.
Venom is a complex mixture of proteinaceous and non-proteinaceous molecules that are
made by and secreted from specialized glands or cells and is delivered to another organism (Fry
et al., 2009). The complexity of venom arises from both the diversity and concentration of
constituent proteins, peptides, salts, and other bioactive molecules, which can vary significantly
between different phylogenetic lineages, including at the species (e.g., Sousa et al., 2013),
subspecies (e.g. Bdolah, 1986; Martínez-Romero et al., 2013), and individual levels (e.g.
Danneels et al., 2015). However, despite the spectrum of venoms that have independently
evolved over millions of years, several types of proteins and peptides are common, including
phospholipase A2s, cysteine-rich secretory proteins (CRISPs), Kunitz peptides, and
hyaluronidases to name a few (Fry et al., 2009). These venom components also share similar
mechanisms such as blocking ion channels, forming pores in the cell membrane, and inhibiting
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proteases (see Table 1 for a list of venom/toxin components, their general structures, and
functions).
As demonstrated by wide phylogenetic diversity spanning jellyfish to snakes and even
some mammals (Fry et al., 2009), venoms evolved more than 750 million years ago (Jouiaei et
al., 2015). While commonly oversimplified, these toxic cocktails serve ecological functions that
extend beyond immobilizing prey and defending against predators. Depending on the species,
venom plays roles in the digestion and preservation of prey, immunity, intraspecific competition,
and courtship behavior/reproduction (summarized by Arbuckle, 2015). The preservation of
venom constituent groups, molecular mechanisms, and ecological functions provide evidence of
convergent evolution (Fry et al., 2009).
Whether serving as means of predation, defense, or deterrence these molecules can
independently, or in combination, induce an array of physiological effects, falling into several
broad categories of venoms: hemotoxic, cytotoxic, and neurotoxic. Hemotoxic venoms target the
cardiovascular system and can interfere with blood coagulation, disrupt cell membranes, and
damage various cell types (e.g., platelets, red blood cells, skeletal muscle) leading to weakness,
muscle degradation, and hemorrhaging (WHO Regional Office for Africa, 2010). Cytotoxic
venoms destroy membranes and tissues via proteolytic activity causing swelling, blistering,
necrosis, and severe pain. Neurotoxic venoms target the nervous system by interfering with the
release and binding of neurotransmitters, damaging nerve endings, and binding to voltage-gated
ion channels which can cause paralysis, double vision, swollen lymph nodes, and systemic pain
(Jouiaei et al., 2015; WHO Regional Office for Africa, 2010).
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Pore-Forming
Toxins

Kunitz peptides

CRISPs

Metalloproteases

Pore-forming domain (α-helical or βsheet barrel); stable water-soluble
structure; membrane-bound structure

Conserved motif: 60 amino acid long
chain with 3 disulfide bonds

Single polypeptide chain consisting of
16 cysteine residues that form 8
disulfide bridges

20-600

<8

23-26

20-100

*varies
drastically
depending
on type

*defined by similar enzymatic activity
rather than structure, which varies
drastically depending on type

Phospholipase

Variations of the following domains:
metalloproteinase, disintegrin, and
cysteine-rich

33-110

β/α- triose phosphate isomerase (TIM)
barrel motif

Hyaluronidases

A2s

MW
(kDa)

Conserved Structure

Constituent

Table 1. Common Venom Proteins

Form pores in membranes of
various types of cells (i.e. nerve
cells, erythrocytes), disrupting
the flow of small molecules into
and out of the cells, leading to
cell lysis

Inhibit proteases, mainly serine
proteases, by blocking the active
site; block ion-channels

Inhibit ion channels and
angiogenesis; proteolysis; block
smooth muscle contraction

Degrade basement membrane
underlying capillary epithelial
cells; interfere with platelet
aggregation, apoptosis, and
immune responses

Respiratory arrest;
cell death;
cardiovascular
collapse; tissue
degradation

Paralysis

Increased vascular
permeability and
inflammatory
responses; necrosis

Hemorrhaging;
edema; intravascular
clotting;
inflammation;
necrosis

Neuromuscular
weakness; paralysis;
degradation of
skeletal muscle;
swelling

Increased membrane
and tissue
permeability; local
tissue damage

Hydrolyze glycosidic bonds in
connective tissues and break
down extracellular matrix
facilitating the spread of venom
Catalyze the hydrolysis of
phospholipids; bind to and block
post-synaptic acetylcholine
receptors

Physiological
Effects

Mechanism
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Venoms can also be categorized based on the organism of origin. Of particular interest is
venom originating from cnidarians as the entire phylum, which includes approximately 13,000
extant species and is the oldest lineage of venomous animals, remains the least understood to
date. Defining this phylum is the ability of all individuals to produce nematocysts (cnidocysts)
(approximately 30 different types have been identified), an organelle with a substantial
proteinaceous capsule secreted by the Golgi apparatus of specialized stinging cells called
nematocytes (cnidicytes) (Fautin, 2009). These cells are typically concentrated in the oral arms
and or tentacles, but can also be found in the bell margin and mouth depending on the species
and are used to deliver venom to other organisms.
As depicted in Figure 1, upon sufficient chemical or mechanical stimulation the hinged
operculum of the nematocyst rapidly opens and the inverted barbed tubule is discharged. This
process is considered one of nature’s fastest biological processes, which has led to these cells
being described as “explosive” (Fautin, 2009). The barbs assist in penetrating and holding onto
the epithelium of the victim/prey and in delivering the venom through the hollow tubule. Longer
nematocyst tubules are associated with more painful and harmful jellyfish stings as these tubules
are long enough to penetrate human epithelium and stimulate nerve endings (Kitatani et al.,
2015). While nematocysts have distinct morphology and functions with differing penetrative
abilities, current evidence does not indicate that the venom content varies significantly between
types (Doonan et al., 2019).
The phyum Cnidaria is divided into five classes: Anthozoa, Hydrozoa, Staurozoa,
Cubozoa, and Scyphozoa. While the fields of proteomics and transcriptomics have added to the
understanding of venom across these classes in recent years, particularly in anthozoans and
species that pose public health concerns (examples in Table 2),, in comparison to available
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venom data from other lineages, Cnidaria is severely understudied. As of May 2020, only 273 of
the 7,142 cataloged venoms and toxins available on Tox-Prot
(https://www.uniprot.org/program/Toxins) belonged to the phylum Cnidaria, with an internal
bias of greater than 96% belonging to Anthozoa (Jungo et al., 2012).

Figure 1. Cnidarian Nematocyte Structure. Depicts nematocyst before during and after
discharge. The proteinaceous nematocyst contains an inverted barbed tubule/thread. Upon
stimulation of the cnidocil the operculum lifts and the barbed thread is discharged
(https://commons.wikimedia.org/wiki/File:Nematocyst_discharge.png).

This discrepancy within Tox-Prot is telling of the inherent biases within the field of
venomics, which can be surmised as ease of sample collection and relevance to human
envenomation. Terrestrial venomous organisms are considered easier to obtain and study when
compared to marine/aquatic organisms and thus, they comprise a vast majority of the toxins and
proteins in the database (as shown in Table 3). Even within the marine/aquatic environment,
anthozoans like sea anemones and commonly occurring medusozoans like the Portuguese Man
‘O War (Physalia physalis) are easier to collect and study than rare species. Ease of venom
extraction is also a factor in the information bias. For example, snake venom is easier to extract
when compared to that of jellyfish, because their venom is localized to large glands rather than
13

Table 2. Examples of Cnidarian Venoms Explored by ‘Omics’ Approaches
Species
Anthozoa Anemonia sulcata
Anemonia virdis
Anthopleura buddemeieri
Anthopleura dowii
Anthopleura elegantissima
Aulactina verata
Ceriantheomorphe brasiliensis
Heteractis crispea
Isarachnanthus nocturnus
Megalactis griffithsi
Nemanthus annamensis
Nematostella vectensis
Oulactis sp.
Pachycerianthus borealis
Pachycerianthus cf. maua
Palythoa caribaeorum
Protopalythoa variabilis
Stichodactyla haddoni
Stichodactyla helianthus
Telmatactis sp.
Tubastraea coccinea
Zoanthus natalensis
Cubozoa
Alatina alata
Chironex fleckeri
Hydrozoa Ectopleuro crocea
Hydra magnipapillata
Olindias sambaquiensis
Scyphozoa Aurelia aurita
Cassiopea xamachana
Chrysaora fuscensecens
Chrysaora quinquecirrha
Cyanea capillata
Cyanea nozakii
Cyanea sp.
Nemopilema namurai
Stomolophus meleagris
Staurozoa Calvadosia cruxmelitensis
Haliclystus antarcticus

Citation
Macrander, Broe, & Daly, 2016
Nicosia et al., 2018; Rachamim et al., 2015
Surm et al., 2019
Ramírez-Carreto et al., 2019
Macrander, Brugler, & Daly, 2015
Surm et al., 2019
Klompen et al., 2020
Macrander et al., 2016
Klompen et al., 2020
Macrander et al., 2016
Surm et al., 2019
Sachkova et al., 2019
Mitchell et al., 2020
Klompen et al., 2020
Klompen et al., 2020
Liao et al., 2018
Huang et al., 2016
Madio et al., 2017
Rivera-de-Torre et al., 2018
Surm et al., 2019
Jaimes-Becerra et al., 2019
Liao et al., 2019
Ames et al., 2016
Brinkman et al., 2015
Jaimes-Becerra et al., 2019
Rachamim et al., 2015
Doonan et al., 2019; Weston et al., 2013
Rachamim et al., 2015
Ohdera et al., 2019
Ponce et al., 2016
Xia et al., 2020
Liu et al., 2015; Wang et al., 2019
Li et al., 2016
Liang et al., 2019
Li et al., 2020; Wang et al., 2019
Li et al., 2014
Ohdera et al., 2019
Jaimes-Becerra et al., 2019
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cells (nematocytes) spread throughout the individual. Medical relevance, including the
epidemiology, toxicology, and treatment of envenomation, ties into this observation as well since
these aspects of venom research hold the greatest value to people (Arbuckle, 2015).
Disproportionate phylogenetic representation within the Tox-Prot database and venom
research as a whole impedes discovery by narrowing the scope for data. To place this statement
into broader context, the more molecular venomics data that becomes available, the more likely
it is to establish trends, homology, and diversity. These aspects all contribute to our
understanding of evolution and hold potential for future applications, particularly those relating
to the biomedical field. For example, snake venom disintegrins have been shown to exhibit anticancer characteristics such as suppressing tumor growth, inducing apoptosis, and preventing cell
adhesion (. These disintegrins can have highly targeted behaviors, holding powerful potential as
cancer detection and screening tools and drug candidates (see review by Arruda Macedo et al.,
2015). In fact, snake venom disintegrins are already on the market as the antiplatelet agents
called Tirofiban (Aggrastat®) and Eptifibatide (Integrillin®) that are commonly used during
heart surgery to prevent complications due to coagulation (see review by Koh & Kini, 2012).
Cnidarian venom serves as a largely unexplored reservoir of bioactive molecules with
economic and biotechnological potential. As reviewed by Rocha and colleagues (2011),
thousands of marine natural products (MNPs) exhibiting antimicrobial, anti-inflammatory,
antitumor, etc. activities have been discovered and of those listed, the most promising originated
from cnidarians, mainly soft corals and sea fans. Also, given the general neurotoxicity cnidarian
venoms exhibit, they provide a platform to study targeted interactions with ion channels which
could lead to the development of therapeutics (Liaoet al., 2019). For example, analogs of
Stichodactyla (ShK) toxin, a venom peptide that was originally discovered in the sea anemone
15

Stichodactyla helianthus, act as KV1.3 potassium-channel inhibitors in lymphocytes, making
them suitable for the treatment of autoimmune diseases (Chandy & Norton, 2017). Such has been
the case for an ShK analog called Dalazatide (ShK-186) which recently passed Phase 1b clinical
trials for plaque psoriasis (Tarcha et al., 2017).
Table 3. Tox-Prot Statistics (modified from Jungo et al., 2012)
Proteins

Species

Species

Common Name

Scientific name

Toxins

found in

producing

secreting

Snakes
Spiders
Snails
Scorpions
Sea anemones
Insects
Lizards
Fishes

Serpentes
Araneae
Gastropoda
Scorpiones
Actiniaria
Hexapoda
Anguimorpha
Teleostei

1,977
1,431
1,283
815
252
93
34
29

venom
2,324
1,506
1,295
1,002
0
333
37
15

toxins
185
118
111
76
48
42
6
10

venom
189
120
109
81
0
87
6
5

Scolopendra

Scolopendridae

184

194

7

8

Mammals
Hydra
Toad
Mites
Starfishes
Worms
Medusae
Jellyfishes

Mammalia
Hydroida
Amphibia
Acari
Asteroidea
Cerebratulus
Rhopilema
Cubozoa

7
4
78
3
3
3
1
5

6
0
0
0
3
0
0
0

2
2
17
2
1
1
1
4

1
0
0
0
1
0
0
0

other metazoans

-

38

12

16

3

All animals

Metazoa

6,240

6,727

649

610

Sea anemone ShK toxin exemplifies innovation derived from cnidarian venom, while
simultaneously emphasizing the importance of exploring other classes within Cnidaria. While
there is no telling what may be discovered within the output files of transcriptomes and
proteomes of the lesser explored classes, it is well-known that significant discoveries have been
made from studying cnidarians. Perhaps the most famous example is Green Fluorescent Protein
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(GFP) which was first isolated from the hydrozoan Aequorea victoria (Shimomura et al., 1962).
Although not a venom constituent, it has contributed to the understanding of bioluminescent
pathways, served as fluorescent tags in many molecular techniques, and inspired a plethora of
other creative applications that make the seemingly invisible, visible (Tsien, 1998; Zimmer,
2002). It is also interesting to note that two GFP-like proteins (GvFP1 and GvFP2) have recently
been identified and cloned from G. vertens (Orologas, 2020). Given the potential Hydrozoa have
already displayed, there is reason to believe further investigations will yield more important
discoveries.

Gonionemus vertens: A Cryptic and Toxic Hydrozoan
Gonionemus vertens, commonly referred to as the clinging jellyfish, belongs to the class
Hydrozoa, order Limnomedusae, and family Olindiidae (WoRMS, 2020). This species has a
hemispherical bell which on average ranges in diameter from 15-20 mm but can be as wide as 30
mm and four prominent radial canals with gonads running along the length of them (Figure 2;
Agassiz, 1862; Kramp, 1998). The stomach is shorter than the bell cavity and the mouth has four
notched lips. Tentacles are stiff and vary in number but seem to increase with bell diameter
(Morgan, 1899). There are adhesive disks towards the distal ends of the tentacles, which assist in
their attachment to aquatic vegetation (Bouillon et al., 2006). They commonly inhabit seagrass
and algal beds in shallow water and consume crustaceans and zooplankton within the water
column (Marchessaux et al., 2017).
This species is found natively in the North Pacific Ocean and is considered invasive or
cryptogenic in many other coastal regions of the Northern Hemisphere including: France,
Portugal, China, Argentina, Sweden, Norway, Germany, Denmark, and the US North Atlantic
17

(Massachusetts, Connecticut, Rhode Island, New Jersey) (Gaynor et al., 2016; Govindarajan &
Carman, 2016; Govindarajan et al., 2019; Marchessaux et al., 2017). In these locations, medusae
have been identified based on morphology as well as by DNA sequencing of barcoding regions
like cytochrome c oxidase subunit I (CO1) and 16S ribosomal DNA. While previously noted as a
public health concern for its potent stings in Japan (Pigulevsky & Michaleff, 1969), reports of G.
vertens blooms and related stings have been on the rise in recent years in the above listed
locations. Symptoms of stings, which manifest within 15-20 minutes of envenomation, can
include systemic pain, muscle cramping, cardiovascular disruption, and in some cases
neurocognitive issues. Envenomation can lead to victim hospitalization where treatment options
are often limited to pain management.

Figure 2. Morphology of Gonionemus vertens (modified from Bouillon et al., 2006). A-B are
mature medusae, C is the bell margin where tentacles are attached, and D shows the distal end of
a tentacle with adhesive pad.
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While venom composition of G. vertens has not been previously explored by
transcriptomics, two different populations exhibiting varying levels of toxicity (painless stings vs
painful stings) are thought to exist (Govindarajan et al., 2019). The less toxic population is
speculated to have origins in the eastern North Pacific and the more toxic in the western North
Pacific (Gaynor et al., 2016; Govindarajan & Carman, 2016). For this reason and its sporadic
distribution, this species was previously separated into two subspecies, G. murbachii and G.
vertens (Govindarajan et al., 2019). They were synonymized in 1959 to G. vertens, but this is not
accepted by all. Additionally, formal reports of this species seemed to disappear in the 1930s
when Zostera marina (eelgrass) populations declined globally (Petersen, 1934) and it was not
until the 1990s that stings were reported along the US Atlantic coast (Govindarajan & Carman,
2016).

Figure 3. Life Cycle of Gonionemus vertens (modified from Boero et al., 1992)
Although the spread of Gonionemus species throughout international waters is not fully
understood, anthropogenic activity is thought to play a role (Gaynor et al., 2016; Govindarajan &
19

Carman, 2016; Govindarajan et al., 2019; Marchessaux et al., 2017). During their life cycle
(Figure 3), they experience a miniscule planula stage that settles and attaches to hard substrates
(including ship hulls, shells, and debris) giving rise to benthic polyps. Through asexual
reproduction free-swimming medusae are formed by a budding process. It is likely that G.
vertens is transported as polyps on ship hulls and in ballast waters. Once introduced into an area,
blooms may be triggered by factors such as temperature changes which can initiate polyp
activity, increasing the number of medusae (Govindarajan et al., 2019). The current rise in G.
vertens international appearances and stings has renewed interest in this species as well as its
venom composition.
A Transcriptomic Approach to Venom Identification: NGS and Bioinformatics
Transcriptomes are records of gene transcripts that serve as snapshots of gene activity at
the time of sample preservation or RNA extraction. Unlike genomes, these profiles are more
telling of gene activity rather than structure. They are generated by converting extracted RNA
molecules into stable complementary DNA (cDNA) by reverse transcriptase. This approach,
called RNA-Seq, often aims to quantify and identify transcripts and their expression levels which
can assist in answering a range of questions including, but not limited to, those regarding venom
composition of non-model organisms like Gonionemus vertens. In this thesis, Illumina, a popular
Next Generation Sequencing (NGS) platform, and de novo assembly are used to generate the
first transcriptome of Gonionemus vertens from which venom/toxin candidates are tentatively
identified. To do this, polyadenylated mRNA was isolated and sequenced as these RNAs code
for proteins. Illumina sequencing relies on short reads ranging from 150-300 bp to generate
large outputs of up to 1.8 Tb of data per run (Kchouk et al., 2017). For this reason,
transcriptomic data only becomes comprehensible once assembled, and even then, assembly is
20

particularly problematic should the sequences have repetitive k-mers. De novo assemblies, such
as those constructed with Trinity (Grabherr et al., 2013), use de Bruijn graphs to assemble short
reads into longer contiguous sequences called contigs that are representative of partial or full
transcripts. Assembly can be avoided using alternative sequencing techniques, such as Nanopore,
that generate long reads.
The resulting files of NGS sequencing and de novo transcriptome assembly are versatile
in that they can be used to extract more meaningful information. For this project, gene
expression, transcript identity, and gene ontology are most relevant. Gene expression values,
calculated as transcripts per kilobase million (TPM) and fragments per kilobase million (FPKM)
for paired end reads, are used to compare gene activity. While both values account for
sequencing depth and gene length biases, they do so in different orders. TPM first normalizes
gene length and then sequencing depth which makes the total number of normalized reads the
same for each sample allowing for easy comparison. Transcript identity can be predicted by
translating the nucleic acid sequence of each transcript into amino acids using one of the six
possible reading frames and comparing the sequence to those already existing within publicly
available databases (for venom/toxin research the most relevant database is Tox-Prot (Jungo et
al., 2012)). Further, sequence homology can help predict gene ontology, the molecular function
of the gene product. Combined, these data can provide an extensive analysis of what genes are
being transcribed, in what quantity relative to others, as well as their putative molecular
functions within the organism.
A transcriptomic approach to venom/toxin identification has the inherent advantage of
isolating more candidates. The above described bioinformatic pipeline combines commonly used
tools to assemble a transcriptome and extract candidate genes to provide an initial analysis of G.
21

verten’s venom composition. While this approach is telling of the composition, transcriptomic
data alone should not be used to definitively identify proteins. Rather, this approach serves as a
broad analysis that can later be combined with proteomics to verify venom composition.
Research Objectives
While the goal at large of this research is to contribute to the greater understanding of
cnidarians and to the growing collection of transcriptomic data across all phylogenetic lineages,
this research holds most significance to understanding the toxicity of Gonionemus vertens stings.
As reports of G. vertens and related public health concerns are on the rise in recent years, this
study is the first to explore the molecular components of this species’ venom using a
transcriptomic approach. Specifically, this project aims to: (1) construct the first de novo
assembly of G. vertens’ transcriptome from RNA-Seq data; (2) assess the completeness of this
transcriptome’s gene content with reference to metazoans; (3) provide a preliminary
characterization of gene transcripts based on gene ontology values; (4) calculate gene expression
values of assembled transcripts; and (5) extract venom/toxin gene candidates to gain a greater
understanding of the proteins responsible for the toxicity of G. vertens.

Materials and Methods
Specimen Collection
Mature Gonionemus vertens medusae were collected from Farm Pond, Martha’s
Vineyard, MA in August of 2017 by net and transported to Montclair State University live where
they underwent several water changes (25 ppt artificial seawater) over 24 hours to empty
stomach contents. Farm Pond is a salt pond inhabited by seagrass beds with an area of
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approximately 35 acres and an average depth of 1.2 ft in Oak Bluffs
(https://www.mvcommission.org/farm-pond). It is surrounded by 8 acres of marshland with
limited connectivity to the ocean and experiences a tidal range of 0.5 ft. Individuals were
preserved in RNALater (2mL) at -20oC until RNA extraction.
RNA Extraction, Quantification, and poly A+mRNA Isolation
A Qiagen QIamp RNA Blood Mini Kit was used to extract total RNA from whole
organism samples of Gonionemus vertens (https://www.qiagen.com/). The manufacturer’s
protocol for Purification of Total RNA from Tissue was followed. To prepare for extraction,
each G. vertens medusa was thawed on ice and the RNALater in which each sample was
preserved was removed. Following, Qiagen RLT buffer was added and a handheld homogenizer
(Pro Scientific, PRO200-Biogenseries; 7-mm x 95-mm saw-tooth generator probe) was used to
homogenize each specimen at high power (35,000 rpm) for approximately 20 seconds.
Precautions such as keeping samples on ice and using sterile equipment and RNAse-free tips and
plasticware were taken throughout this and following processes to prevent contamination and
RNA degradation.
RNA was quantified using both a NanoDrop ND-1000 and a Qubit 3.0 Fluorometer
following the manufacturer’s instructions for the Broad Range RNA kit. OD260/280 ratios were
calculated using the NanoDrop ND-1000 to assess purity, with values ranging from 2.0-2.2 being
considered pure and free of protein contamination.
From the extracted total RNA, which includes ribosomal RNAs as well as small and
other non-coding RNAs, polyadenylated (polyA+) mRNAs were isolated, starting with 1μg of
total RNA in 50μL of sterile nuclease-free water (provided by NEB). This was accomplished
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using NEBNext Magnetic Oligo d(T)25 beads following the manufacturer’s guidelines (NEBNext
Poly(A) mRNA Magnetic Isolation Protocol) in 200μL 96-well PCR plates. The magnetic beads
are coated in sequences complimentary to the poly A tail of mRNAs and are pulled to the side of
the tube using a magnetic rack (BEL-ART Magnetic Bead Separation Rack for 96-well plate).
Poly A+ mRNA was stored at -80oC until NGS library preparation.
RNA-Seq Library Preparation
The overall goal of this process is to amplify and fragment isolated mRNA in preparation
for NGS which sequences short reads. Adaptors are needed for ligation to the solid flow cell and
indexes are added to the ends of sequences to separate reads from each unique sample. The
NEBNext Ultra II Directional RNA Library Prep Kit for Illumina by New England Biolabs was
followed. The protocol can be broken down into the following generic steps, which are relatively
similar between NGS platforms: RNA fragmentation, dsDNA synthesis, end repair, adaptor
ligation, and PCR amplification.
To elaborate on this process, poly A+ mRNA is first fragmented (to ~200-300 bp
fragments) and primed using a mixture of enzymes and random primers. Viral-derived reverse
transcriptase and dNTPs are used for first strand synthesis, which converts unstable mRNA to
more stable single-stranded cDNA. The second strand is synthesized using DNA polymerase and
dNTPs including dUTP, yielding dsDNA. This step is followed by cleanup using AMPure XP
beads which bind to dsDNA, leaving remnant dNTPs, primers, and ssDNA to be removed in the
eluent. Fragmentation can create blunt-ends and overhangs; in the end repair process overhangs
are removed and a deoxyadenosine 5′-monophosphate (dAMP) is added onto the 3′ end of
blunted DNA fragments (addition of the dA tail). Following, adaptors are ligated to the fragment
ends, allowing them to attach to the flow cell. Unique indexes can also be added to allow for
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multiplexing and later sorting of samples. USER (Uracil Specific Excision Reagent) enzyme is
also added during the ligation step to excise previously incorporated dUTPs (during second
strand synthesis), making the RNA-seq libraries directional. Magnetic bead cleanup as
previously detailed is repeated before adaptor-ligated fragments are amplified via PCR. The
manufacturer’s protocol was followed with the exception that the number of cycles for the
denaturation annealing/extension step was adjusted to 9 to accommodate the initial RNA input of
1000 ng. Magnetic bead cleanup was again repeated. Finally, to ensure the RNA libraries were of
standard for sequencing they were assessed for size distribution and yield using an Agilent
Bioanalyzer DNA 1000 chip following the manufacturer’s guidelines (see Appendix A, this
thesis).
NGS Sequencing
Previously prepared RNA-Seq libraries were loaded into a V3 Reagent cartridge at a
concentration of 12pM and sequenced on an in-house Illumina MiSeq platform. From five
pooled libraries approximately 16,500,000 paired end reads were generated. Of these five
libraries, four were used for transcriptome assembly.
Bioinformatic Analysis
Raw sequences were processed prior to assembly to remove adaptor sequences and lowquality reads. Four libraries were combined to create one transcriptome using Trinity version
2.2.0 set to default parameters (Grabherr et al., 2013). Assembly statistics were generated by
Trinity for all transcripts and for only the longest isoforms. Transcriptome completeness in terms
of gene content was assessed using BUSCO version 2.0 with reference to the metazoan dataset
set to default parameters (Simão et al., 2015). The BUSCO analysis was completed twice: once
with the original transcriptome and once after retaining the longest isoform. Gene Ontology
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functional annotation was completed using GO FEAT (Araujo et al., 2018). The transcriptome
was mapped against itself using RSEM set to default parameters and the bowtie2 modifier (B. Li
& Dewey, 2014). Following, expression values (FPKM and TPM) were calculated using RSEM
set to default parameters with the bowtie2 modifier.

Figure 4. Bioinformatic Workflow. Green boxes represent bioinformatic programs used and blue
boxes represent the internal workflow of Venomix.

Venomix, an R- and python-based bioinformatic pipeline, was used to extract candidate
proteins from the transcriptome (Macrander et al., 2018). The internal workflow combines the
following programs/packages using an assembled transcriptome (from Trinity) and gene
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expression file (from RSEM) as inputs: BLAST+, Transdecoder, SignalP, MAFFT, and APE.
Expression values are shown as transcripts per kilobase million (TPM) and fragments per
kilobase million (FKPM). A TPM threshold of >1 is used to filter out lowly expressed transcripts
as this value allows for direct comparison while FKPM does not. BLAST+ converts the
assembled transcriptome into a database that is then queried with the Tox-Prot dataset using the
tblastn function. Following, Transdecoder translates the initial candidate transcripts into the
proper reading frame, changing their status to candidate proteins which are then analyzed for
toxin signaling regions using SignalP and aligned using MAFFT. Gene trees are constructed
from the aligned protein sequences using the APE R package. This workflow allows for
venom/toxin gene candidates to be separated into prospective toxin groups to allow for
preliminary characterization. Output files from Venomix, GO FEAT, and Phyre2 (Kelley et al.,
2016) were used to further characterize selected venom candidates.

Results
RNA Concentration, Quality, & Yield
Total RNA was extracted from five mature Gonionemus vertens medusae. The
individuals selected varied in color, representing morphological diversity within the Martha’s
Vineyard population (Figure 5). Stomach contents and bycatch were removed by multiple
artificial seawater changes and stored in RNALater prior to extraction (see Materials & Methods
for details).
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Figure 5. Gonionemus vertens Medusae

Total RNA was quantified using a Nanodrop ND-1000 and Qubit 3.0 Fluorimeter (data
shown in Table 4). Yields varied between G. vertens individuals and by method of
quantification. Sample 4 yielded the highest concentration of RNA using both methods. Qubit is
a more sensitive method for quantification and thus, these measurements were used to calculate
total RNA yield for downstream use in library preparation. RNA quality was assessed using
OD260/280 ratios calculated using the ND-1000. OD260/280 ratios fell between the range of 2.0 and
2.2 indicating that all samples were free of protein contamination.
Table 4. RNA Concentration, Quality, and Yield. RNA concentration based on Nanodrop (ND1000) and Qubit 3.0 Fluorometer. OD260/280 based on ND-1000. Total RNA yield calculated
based on Qubit readings.
RNA Sample

ND-1000 (ng/μL) OD260/280 Qubit (ng/μL)

Total Yield (μg)

1

323.8

2.15

220

11.0

2

557.3

2.14

556

27.8

3

625.9

2.13

584

29.2

4

850.5

2.13

870

43.5

5

307.1

2.12

292

14.6
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NGS Run Summary and Statistics
Fragment length distribution of each prepared library was assessed on an Agilent 2100
Bioanalyzer to ensure each library was up to standard. As seen in Appendix A, two prominent
peaks located at 35 bp and 10,380 bp representing internal size markers are seen. Smaller peaks
are located between 400-600 bp representing the fragments of each library. All peaks were as
expected except for that seen in sample 2; this peak was quite low in comparison to other
samples.
The five prepared libraries were run on an Illumina MiSeq at a loading concentration of
12pM using a V3 cartridge, generating a total of 32,947,904 reads and 9.48 Gbp (Table 5). Of
these, 31,354,364 (95.16%) passed filter, with 74.20% having a Q Score of greater than or equal
to 30. At Q30, the chance of incorrect base calling is 1 in 1,000, meaning that 74.20% of all
reads were 99.9% accurate or better for higher Q scores. The distribution of reads according to Q
Score is shown in Appendix B. According to % Reads Identified (PF) as shown in Table 6,
library five contributed the greatest number of reads (25.85%) and library two contributed the
least (13.52%). The comparatively low contribution of the second sample to the overall number
of reads could be attributed to the discrepancy in fragment size distribution as noted above.
Table 5. NGS Run Summary Statistics
Total Reads

Reads PF

% PF

% ≥ Q30

Yield

32,947,904

31,354,364

95.16%

74.20

9.48 Gbp
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Table 6. % Reads Identified from Each Library
Sample #

Index

% Reads Identified (PF)

1

CGATGT

23.5142

2

TGACCA

13.5155

3

ACAGTG

17.6874

4

GCCAAT

17.5637

5

CTTGTA

25.8506

Transcriptome Assembly Statistics
Prior to transcriptome assembly, adaptor sequences and low-quality reads were removed
from all libraries. The output files generated by samples 1 through 4 were used for transcriptome
assembly using Trinity 2.2.0 set to default parameters (Grabherr et al., 2013). Trinity uses three
software modules to generate full length transcripts and isoforms from FASTQ Illumina output
files: Inchworm, Chrysalis, and Butterfly. Briefly, Inchworm assembles the sequence reads
generated by Illumina into linear contigs; Chrysalis groups these contigs together based on
similarity to detect potential isoforms and uses these groupings to construct de-Bruijn graphs;
and Butterfly assesses the de-Bruijn graphs to produce full length transcripts and isoforms.
Assembly statistics before and after the retention of the longest isoform were calculated
using Trinity and are shown in Table 7. The transcriptome had a total length of 114,420,556 bp
with a GC content of 42.10%. A total of 144,063 transcripts and 104,337 unique transcripts were
generated with the average contig having a length of approximately 794 bp and a median length
of 393 bp. Of all 144,063 transcripts, 10 % (N10) were longer than 4,887 bp, 20% (N20) were
longer than 3,348 bp, 30% (N30) were longer than 2,509 bp, and 50% (N50) were longer than
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1,477 bp. After retaining only the longest isoforms, the transcriptome length was 62,456,628 bp
with the average contig length being approximately 599 bp and the median length being 317 bp.
Of the longest isoforms, 10% were longer than 4,023 bp, 20% were longer than 2,642 bp, 30%
were longer than 1,901 bp, 40% were longer than 1,383 bp, and 50% were longer than 925 bp.

Table 7. Transcriptome Trinity Assembly Statistics
All Transcripts

Only Longest Isoform

# of unique transcripts

104,337

-

# of transcripts

144,063

-

% GC

42.10

-

Contig N10

4,887

4,023

Contig N20

3,348

2,642

Contig N30

2,509

1,901

Contig N40

1,926

1,383

Contig N50

1,477

925

Median contig length

393

317

Average contig length

794.24

598.60

Total assembled bases

114,420,556

62456628

Transcriptome Completeness
To assess the completeness of the transcriptome in terms of gene content, the
transcriptome was compared to the metazoan dataset using BUSCO v 2.0 (Simão et al., 2015).
This program identifies Benchmarking Universal Single-Copy Orthologs (BUSCOs) using
specific datasets and separates them into complete (single-copy and duplicated), fragmented, and

31

missing BUSCOs. Complete refers to transcripts that have scored within the acceptable range of
BUSCO scores and within the range of length alignments. Fragmented describes transcripts that
fall within the acceptable range of BUSCO scores but not within the range of length alignments,
indicating the presence of incomplete transcripts. Missing describes transcripts that either do not
match with the dataset or scored below the acceptable range. This could simply mean that the
transcripts are in fact missing or are fragmented beyond recognition. Results will show a high
proportion of duplicated BUSCOs if the data are not filtered for isoforms.

Figure 6. Visual Representation of BUSCO Analysis

Here, BUSCO analyses were completed before and after the retention of the longest
isoform (Figure 6). Prior to filtration, 935 (95.6%) complete, 401 (41.0%) complete and singlecopy, 534 (54.6%) complete and duplicated, 20 (2.0%) fragmented, and 23 (2.4%) missing
BUSCOs were identified. After the retention of the longest isoform 915 (93.5%) complete, 899
(91.9%) complete and single-copy, 16 (1.6%) complete and duplicated, 28 (2.9%) fragmented,
and 35 (3.6%) missing BUSCOs were identified. In both cases the percentage of complete
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BUSCOs exceeded 90% indicating a high level of transcriptome completeness. As expected, the
number of duplicated BUSCOs significantly decreased after the isoforms were isolated from the
transcriptome.
Gene Ontology Report
To better understand the overall content of the transcriptome, gene ontology (GO) values
were obtained by running an analysis on GO FEAT(http://computationalbiology.ufpa.br/gofeat/),
which preforms multiple analyses to characterize transcripts (Araujo et al., 2018). Of the nearly
144,000 transcripts, 138,030 had BLAST matches and 35,161 had GO value matches. There
were 23,212 hits (25.07%) for biological processes, 27,088 hits (29.25%) for cellular component,
and 42,307 hits (45.68) for molecular function. Graphs depicting the distribution of GO values
and their frequency for each category can be found in Appendix B. GO FEAT also integrates
other programs including InterPro and Pfam to provide information regarding protein family,
predicted domains, and functional sites. This information was paired with Venomix data to
provide further characterization of selected venom candidates.

Figure 7. Summary of Gene Ontology Report

33

Venomix Output
Venomix analysis using the whole transcriptome yielded a total of 2,719 BLAST hits
with 2,275 of these transcripts having a TPM greater than 1 (Table 8). In total, 861 unique
transcripts were identified in this analysis (Appendix C) as well as 101 toxin groups, most of
which were matched with an accession number based on the BLAST hit with the lowest E-value
(Appendix D). The 101 toxin groups were divided into the following broad categories:
phospholipases, metalloproteases, Kunitz-type/protease inhibitors, snaclec, allergens,
disintegrins, C-type lectin, thrombin-like, venom/toxin, and other, resulting in Figure 8. As seen
in the figure, metalloproteases and Kunitz-type/protease inhibitors, and an assortment of
venom/toxin proteins made up most of the BLAST hits.

Table 8. Venomix Output Summary
# Total BLAST Hits

2,719

# Unique Transcripts

861

# Transcripts TPM > 1

2,275

# Venomix Toxin Groups

101

More detailed representation of the venom candidates within the “venom/toxin” protein
and “other” groups can be seen in Figures 8A and 8C. The most abundant venom/toxin hit
belonged to Alpha-latroinsectotoxin-Lt1a (26%), closely followed by Delta-latroinsectotoxinLta1 (23%). A total of 18% of venom/toxin hits belonged to venom peptide isomerase heavy
chain and 31% to venom prothrombin activator. The remaining percentage of hits belonged to
CrTX-A, SE-cephalotoxin, plancitoxin-1, and venom protein 164. The most abundant hits within
the “other” group are galactose-specific lectin (36%) and turripeptide (35%). Representing the
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remaining percentage of “other” venom components are acetylcholinesterase-1, L-amino-acidoxidase, peroxiredoxin-4, glutamate O-methyltransferase, sphingomyelin phosphodiesterase, and
hyaluronidase.

Analysis of Selected Venom Candidates
The unique venom candidate transcripts were isolated using Microsoft Excel and sorted
from highest to lowest TPM. The top ten most highly expressed transcripts in this dataset (Table
9) were further analyzed using the output file from GO FEAT to extract GO values, Pfam
domains, and InterPro predicted domains, family, and functional sites. This information was used
to predict the identity of each of the ten transcripts. According to these data, chymotrypsin or
thrombin-like serine proteases, astacin-like metalloproteases, venom allergen/CRISP,
peroxiredoxin, and kazal-type serine protease inhibitor are the most highly expressed types of
venom proteins in Gonionemus vertens.
Following, unique venom candidates of varying E-values and TPM values were further
characterized using the above described methodology with the addition of Phyre2 analysis for
protein structure prediction and multiple sequence alignment. The following unique transcripts
were analyzed:
TRINITY_DN25832_c0_g1_i1 (8.36E-121; TPM=6.74),
TRINITY_DN13565_c0_g1_i3 (9.28E-78; TPM=1.48),
TRINITY_DN79240_c0_g1_i1 (3.41E-28; TPM= 0.43), and
TRINITY_DN25862_c3_g1_i3 (3.15E-10; TPM=4.62).
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TRINITY_DN25832_c0_g1_i1 was identified as neprilysin-1 by Venomix,
TRINITY_DN13565_c0_g1_i3 as plancitoxin-1, TRINITY_DN79240_c0_g1_i1 as
hyaluronidase, and TRINITY_DN25862_c3_g1_i3 as toxin CrTX-A. GO FEAT analysis results
of these transcripts are summarized in Table 10.
Phyre2 analysis of putative neprilysin-1 modeled 81% of the amino acid residues with
greater than 90% confidence. The program identified a zincin-like fold belonging to the
metalloprotease catalytic domain superfamily and neutral endopeptidase (neprilysin) family with
100% confidence and 33% identity. Multiple hydrolase structures were also identified with
100% confidence. Multiple sequence alignment provided by Phyre2 also ranked Neprilysin-1
(Q9W436) as the top match (no E-value was provided for this alignment). Phyre2 analysis of
putative plancitoxin-1 modeled 95% of the amino acids at greater than 90% confidence. A
hydrolase structure matching putative deoxyribonuclease-2 was identified with 100% confidence
and 28% identity. Multiple sequence alignment ranked deoxyribonuclease-2 alpha (O00115) as
the top match with an E-value of 1E-119. Phyre2 analysis of putative hyaluronidase modeled
98% of the amino acids with greater than 90% confidence and also identified a hydrolase
structure matching hyaluronidase-1 with 100% confidence and 38% identity. Multiple sequence
analysis of this protein ranked hyaluronidase (A1L235) as the top match with an E-value of 2E69. In addition, the predicted structure of putative CrTX-A, a jellyfish pore-forming toxin was
modeled. A total of 66% of the amino acid sequence was modeled with greater than 90%
confidence and a toxin membrane translocation domain fold belonging to the delta-endotoxin
(insecticide) family was identified with 98.2% confidence and 13% identity. Modeling of this
domain resembled an alpha-helical barrel, a motif commonly found in pore-forming toxins
(Jouiaei et al., 2015). Multiple sequence alignment showed that this protein most closely
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matched four predicted proteins (UniRef50_UPI000192504E, UPI000192504D,
UPI00019275D4, UPI00019252C0), with the fifth top hit matching Toxin CaTX-A from the
Hawaiian box jellyfish Carybdea alata (E-value 1E-78). Phyre2 predicted secondary and 3D
structures can be found in Appendices F and G.

37

Figure 8. Venom Candidate Groups. (A) depicts the components of the “venom/toxin” group, (B) depicts the broad categories into
which BLAST hits were placed, and (C) depicts the components of the “other” group
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Chymotyrpsin
or thrombin-like
enzyme
Venom allergen
/ CRISP

Chymotyrpsin
or thrombin-like
enzyme

TRINITY_DN23026_c0_g1_i1

TRINITY_DN23484_c2_g2_i1

TRINITY_DN22807_c1_g7_i1

Astacin-like
metalloprotease
toxin

TRINITY_DN20005_c2_g1_i2

Venom
Candidate
TRINITY_DN23484_c2_g21_i1 Chymotyrpsin
or thrombin-like
enzyme
TRINITY_DN20967_c2_g2_i1 Astacin-like
metalloprotease
toxin

Transcript ID

294.09

315.61

316.88

Trypsin

CAP

Trypsin

Astacin; ShK

Astacin; ShK

791.7

349.33

Trypsin

Pfam

863.06

TPM
Peptidase S1; serine
protease; chymotrypsin;
serine active site
Astacin-like
metallopeptidase domain;
peptidase M12A;
metallopeptidase catalytic
domain; ShKT domain
Astacin-like
metallopeptidase domain;
peptidase M12A;
metallopeptidase catalytic
domain; ShKT domain
Peptidase S1; serine
protease; chymotrypsin;
serine active site
Allergen V5/Tpx-1related; CAP domain;
cysteine-rich secretory
protein-related; Golgiassociated plant
pathogenesis-related
protein 1, SCP domain;
venom allergen 5-like
Peptidase S1; serine
protease; chymotrypsin;
serine active site

InterPro

Table 9. GO FEAT Characterization of the Top 10 Most Highly Expressed Unique Venom Candidates

Serine-type
endopeptidase
activity

Serine-type
endopeptidase
activity
Extracellular region
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Metalloendopeptidase
activity; zinc ion
binding

Serine-type
endopeptidase
activity
Metalloendopeptidase
activity; zinc ion
binding

GO

Peroxiredoxin

Serine protease
inhibitor
Astacin-like
metalloprotease
toxin / blood
coagulation
factor

TRINITY_DN20420_c1_g1_i1

TRINITY_DN14608_c0_g4_i1

TRINITY_DN26264_c2_g4_i1

Astacin-like
metalloprotease
toxin

TRINITY_DN20967_c2_g1_i1

191.24

200.8

238.13

238.42

Astacin-like
metallopeptidase domain;
peptidase M12A;
metallopeptidase catalytic
domain; ShKT domain
Alkyl hydroperoxide
reductase subunit C/ thiol
specific antioxidant;
peroxiredoxin AhpC-type;
thioredoxin domain

Kazal_1;
Kazal domain
Kazal_2
Astacin; ShK; Astacin-like
F5_F8_type_C metallopeptidase domain;
coagulation factor 5/8 Cterminal domain;
galactose- binding-like
domain; peptidase M12A;
metallopeptidase catalytic
domain; ShKT domain

1-cysPrx_C;
AhpC-TSA

Astacin; ShK
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Metalloendopeptidase
activity; zinc ion
binding

Obsolete cell;
endoplasmic
reticulum; cytosol;
response to oxidative
stress; thioredoxin
peroxidase activity;
cell redox
homeostasis
X

Metalloendopeptidase
activity; zinc ion
binding

Venomix
Toxin Group
Neprilysin-1

Plancitoxin-1
Hyaluronidase

Toxin CrTX-A

TRINITY_DN25832_c0_g1_i1

TRINITY_DN13565_c0_g1_i3

TRINITY_DN79240_c0_g1_i1

TRINITY_DN25862_c3_g1_i3

Transcript ID

---

Glyco_
hydro_56

Peptidase
_M13;
peptidase
_M13_N
DNase_II

Pfam

*no domains identified;
matched with
CTXA_CARAL from
Carybdea alata
(Hawaiian box
jellyfish)

Aldolase TIM barrel;
glycoside hydrolase
superfamily;
hyaluronidase

Neprilysin M13 family;
peptidase M13 domain;
metallopeptidase,
catalytic domain
Deoxyribonuclease II

InterPro

Table 10. GO FEAT Characterization of Four Selected Unique Venom Candidates

Metalloendopeptidase
activity; integral
component of
membrane
Deoxyribonuclease II
activity
Hyalurononglucosamin
idase activity;
carbohydrate metabolic
process; integrall
component of
membrane
Nematocyst; hemolysis
in other organism;
toxin activity; other
organism cell
membrane; ion
transport; extracellular
region; integral
component of
membrane

GO

6.62

55.77

43.92
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Completeness
(%)
42.32

Discussion
While there is no set protocol for identifying and characterizing venom components,
there are similar pathways to achieve this goal using ‘omics’ approaches. The general process
can be simplified to RNA and/or protein extraction, sequencing, and bioinformatic analysis.
Within each step lies the potential for different protocol choices ranging from sample type to
bioinformatic programs. While many cnidarian venom studies (e.g., Liu et al., 2015b; Mitchell et
al., 2020; Ponce et al., 2016) use strictly tentacle samples or even isolated nematocysts (e.g.,
Doonan et al., 2019; Li et al., 2014) for RNA/protein extraction and downstream analysis, here
whole organism samples were utilized. The advantage of using whole organism samples rather
than only tentacles or nematocysts is that the data has broader applications, allowing for venom
analysis and beyond. When specifically trying to isolate venom constituents, though, nematocyst
extracts are the most direct source of information for a proteomic analysis with the smallest
chance of interference from extraneous proteins. For RNA-Seq studies, however, there is no
simple solution that will allow one to directly assess venom proteins since the mRNA’s are
widely distributed among nematocytes throughout the tentacles and oral lappets.
RNA-Seq libraries were prepared from mature Gonionemus vertens individuals to
construct the first de novo transcriptome of this species. Venom gene candidates were then
extracted using the Venomix pipeline resulting in 2,719 BLAST hits belonging to 101 toxin
groups. This program was selected for its ability to combine multiple commonly used
bioinformatic programs to assist specifically in venom candidate characterization. The large
number of BLAST hits comes from transcripts matching multiple different toxin groups. After
filtering out duplicated transcripts, a total of 861 unique transcripts were identified. It is likely
that many of these transcripts are not venom constituents (due to interference from extraneous
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proteins as well as insufficient matching) and therefore multiple means of filtration and protein
characterization are needed to determine composition with more confidence.
Based on the BLAST hits (Figure 8), the venom composition is dominated by
metalloproteases (37%), Kunitz-type/protease inhibitors (16%), venom allergens/CRISPs (12%),
and an assortment of venom/toxin proteins (19%) such as venom prothrombin activator,
plancitoxin-1, and peptide isomerase. This preliminary finding is not surprising as these
categories of proteins are often found in venoms, especially metalloproteases and protease
inhibitors (mainly Kunitz-type) which appear to dominate many cnidarian venoms. For example,
metalloproteases and protease inhibitors made up comparable or larger proportions of the venom
compositions of Stomolophus meleagris (15.4%; 28.44%), Anthopleura dowii (28.3%; 13%), and
Cyanea nozakii (67.24%; 4.60%) (Li et al., 2014; 2016; Ramírez-Carreto et al., 2019).
Metalloproteases, which are typically large enzymes, exhibit a range of physiological effects
such as edema, necrosis, and inflammation by degrading basement membrane and interfering
with cellular processes (Takeda et al., 2012). Kunitz-type peptides, contrastingly, are low
molecular weight peptides that act by inhibiting proteases and blocking ion channels to induce
paralysis (Jouiaei et al., 2015).
Of lesser representation in the data set are phospholipases (including A1 and A2s) (3%),
C-type lectins (1%), thrombin-like enzymes (4%), disintegrins (3%), and snaclec proteins (3%).
Phospholipases, which are commonly found in cnidarian venoms, are mixed function enzymes
that can hydrolyze fatty acids into lysophospholipids and bind to and block post-synaptic
acetylcholine receptors. This activity can induce an array of physiological effects such as cell
membrane disruption, inflammation, neuromuscular blockage, and tissue degradation (Burke &
Dennis, 2009; Harris & Scott-Davey, 2013). C-type lectins and snaclecs (snake C-type lectins)
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have hemotoxic effects and mainly function by binding to coagulation factors and cells like
platelets that are involved in maintaining homeostasis (Clemetson, 2010). Thrombin-like
enzymes are serine proteases that cleave fibrinogen and induce in vitro coagulation (reviewed by
Koh & Kini, 2012). These proteins have clinical applications as anti-coagulants that decrease
blood plasma fibrinogen content, creating soluble clots that are easily removed. Disintegrins are
low molecular weight, cysteine-rich proteins that disrupt cell-cell and cell-matrix interactions
such as cell adhesion, cell migration, and inflammatory responses (Koh & Kini, 2012). As such,
they can prevent platelets from adhering to fibronectin and coagulating in blood (Arruda Macedo
et al., 2015)
Interestingly, there were a large number of BLAST hits for alpha- and deltalatroinsectotoxin-Lt1a. Latroinsectotoxin identification in cnidarian venom is uncommon but has
been identified in Halclystus antarcticus, Ectopleura crocea, Chiropsalmus quadrumanus, and
Tamoya haplonema (Jaimes-Becerra et al., 2017; 2019). These high molecular weight poreforming toxins are commonly found in spider venom and induce neurotoxicity by creating pores
in cell membranes that disrupt ion flow and promote massive releases of neurotransmitters
(Rivera-De-torre et al., 2019). However, current understanding of latroinsectotoxins deems them
prey-specific and thus, these effects would only be induced in insects. While their role in
cnidarian venom appears unclear, homologs may be involved in targeted prey interactions.
There were also 3 hits for SE-Cephalotoxin, a paralytic toxin characterized from the
cuttlefish Sepia esculenta (Ueda et al., 2008). This constituent may not be valid as the three
transcripts are short and only match a portion of the full-length toxin. Alternatively, this
transcriptome assembly could have failed to generate a full-length transcript.
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Other potential venom constituents include acetylcholinesterase-1, galactose-specific
lectin, L-amino-acid-oxidase, peroxiredoxin-4, glutamate O-methyltransferase, sphingomyelin
phosphodiesterase, turripeptide, and hyaluronidase (Figure 8). The function of
acetylcholinesterase in venom is not clearly understood, but may interfere with acetylcholine
transmission in the nervous system given its endogenous function in hydrolyzing acetylcholine to
choline, spreading electrical charges across synaptic junctions (Kang et al., 2011). Galactosespecific lectin is not commonly reported in cnidarian venoms, but was recently reported by
Klompen et al. (2020). These proteins, much like previously discussed lectins, play a role in
hemotoxicity. L-amino-acid oxidases are major components of snake venom, but are less
prominent in cnidarian venoms. They are flavoenzymes that catalyze the production of hydrogen
peroxide inducing toxicity through oxidative stress (Costa et al., 2014). Information regarding
the role of protein-glutamate O-methyltransferase is limited, but it is reported to play a role in
venom maturation (Gacesa et al., 2015). According to Weston et al. (2013), sphingomyelin
phosphodiesterase had only been reported in spider venoms until their study which identified this
protein in the venom proteome of Olindias sambaquiensis, one of the few hydrozoans whose
venom has been explored using an omics approach (Weston et al., 2013). Further investigation is
needed to confirm the presence of sphingomyelin phosphodiesterase in G. vertens. Many BLAST
hits matched turripeptide, a neurotoxic ion-channel blocker that leads to paralysis (Gonzales &
Saloma, 2014) that has been identified in several cnidarians such as in a novel Antarctic Cyanea
sp. and Chironex fleckeri (Brinkman et al., 2015; Liang et al., 2019).
Various types of venom metalloproteases exist, ranging in structure, size, and
physiological effect (Takeda et al., 2012). According to expression and protein characterization
data, the venom transcriptome of G. vertens shows evidence of highly expressed astacin-like
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metalloprotease toxins. This was also the case in the venom transcriptome of Chironex fleckeri in
which an astacin-like metalloprotease was the second most highly expressed venom component
(Brinkman et al., 2015). Four of the top ten most highly expressed venom candidates have
astacin and ShK domains with GO values of metalloendopeptidase activity and zinc ion binding.
Astacin-like metalloproteases have been reported in many other cnidarian venomics studies and
more specifically, astacin-like metalloproteases containing ShK domains have also been
identified (e.g., Brinkman et al., 2015; Klompen, et al., 2020; Ponce et al., 2016).
ShK, which was originally discovered in the sea anemone Stichodactyla helianthus, acts
as a potent potassium channel blocker with neurotoxic effects (Chandy & Norton, 2017). While
the functions of proteins containing this domain as well as astacin/M12A domains are not fully
understood, they may serve multiple functions by which the ShK domain serves as a toxin to
immobilize prey while the remaining enzyme structure may aid in digestion (Pan et al., 1998;
Ponce et al., 2016). Given the high expression and potential neurotoxic properties of these
proteins, astacin-like metalloproteases may contribute to the systemic pain G. vertens sting
victims experience. ShK domain containing proteins also exhibit significant architectural
variability, which could explain why multiple unique transcripts fell into this venom toxin group
(Gerdol et al., 2019). Klompen and colleagues (2020) also identified a wide variety of astacinlike metalloproteases in the transcriptomes of four cnidarians, many of which also matched
nematocyst expressed protein 6 (NEP-6). After comparing astacin-like toxin and nematocyst
expressed protein 6 output toxin groups from Venomix (data not shown), the same conclusion
was reached and comes as no surprise given that NEP-6 is an astacin family metalloprotease
(Moran et al., 2013). Further investigation is needed to determine the identity of these transcripts
as well as which of these are actually venom constituents.
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One of the four highly expressed astacin-like metalloprotease toxins also contained a
coagulation factor 5/8 C-terminal (discoidin) domain, which is characteristic of many blood
coagulation factors. Astacin-like metalloproteases are not reported to contain discoidin and ShK
domains in combination, suggesting that this may be an artifact in the assembly/bioinformatic
analysis or a novel chimeric structure exists in G. vertens venom. The InterPro report of this
transcript provided a close match to a predicted protein (A0A2B4SCZ4_STYPI) from the
smooth cauliflower coral (Stylophora pistillata) which also contains these domains, perhaps
providing evidence that this is a novel structure. In further support, an astacin protease in the sea
urchin Strongylocentrotus purpuratus also contains a unique, not previously reported
combination of domains, discoidin and CUB (Anger et al., 2006). These complement C1r/C1s,
Uegf, Bmp1 (CUB) domains are found in extracellular and plasma membrane-associated
proteins typically involved in developmental regulation. Should this transcript from G. vertens
represent a novel protein, it may exhibit multiple functions which could include ion channel
inhibition (neurotoxicity), blood coagulation (hemotoxicity), and endopeptidase/digestive
activity. PCR amplification and DNA sequence analysis of this putative transcript from genomic
DNA using primers designed from this contig might help confirm this intriguing finding.
The most expressed venom candidate as well as two other highly expressed candidates
are reported to have a trypsin domain, serine endopeptidase activity, and belong to the peptidase
S1/chymotrypsin family. Trypsin domain containing proteins are typically found in the digestive
system and are responsible for protein degradation. Alternatively, these transcripts could
represent thrombin-like enzymes previously discussed or prothrombin activators given that
prothrombin/thrombin belong to the same peptidase S1/chymotrypsin family and can be serine
proteases (Kini, 2005). These proteins, commonly found in snake venom, are responsible for the
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conversion of prothrombin to thrombin, inducing blood and or platelet coagulation. These
proteins are often identified in cnidarian venoms through transcriptomics and proteomics (e.g.,
Jaimes-Becerra et al., 2019; Klompen et al., 2020; Lewis Ames et al., 2016; Ramírez-Carreto et
al., 2019).
Another highly expressed transcript is likely a peroxiredoxin as indicated by the presence
of 1-cysPrx_C (C-terminal domain of 1-cys peroxiredoxin) and AhpC-TSA domains and
associated GO values. This transcript was also one of three transcripts within the peroxiredoxin-4
toxin group generated by Venomix. This protein has been identified in many other
transcriptomes previously cited and was also the most highly expressed protein in the venom
transcriptome of Chironex fleckeri (Brinkman et al., 2015). While its function in venom is not
completely understood, peroxiredoxin may play a role in the structural and functional
diversification of toxins via redox processes (Calvete et al., 2009).
A potential venom allergen and serine protease inhibitor were also highly expressed. The
venom allergen candidate contains a CAP superfamily (cysteine-rich secretory proteins, antigen
5, and pathogenesis-related 1 proteins) domain and shares similarities with venom allergen 5.
Venom allergens in snake venoms can block smooth muscle contraction and cyclic nucleotidegated ion channels, which likely blocks ions from entering through the extracellular side of the
channel (Yamazaki & Morita, 2004). A serine protease inhibitor containing kazal 1 and 2
domains was also found. While kazal-type serine protease inhibitors are common in venoms
overall, they are less frequently reported in jellyfish, but have recently been reported in the
venom transcriptome of Cyanea capillata (Liu et al., 2015b). Serine proteases containing both
kazal 1 and 2 domains have also been recently described in the tentacle transcriptome of the
speckled anemone Oulactis sp. (Mitchell et al., 2020). The function of these proteins in jellyfish
48

venoms is not fully understood, however Hydra kazal-type serine protease inhibitor has been
shown to exhibit bactericidal properties against Staphylococcus and may play a role in innate
immunity (Augustin et al., 2009).
Four other unique transcripts of varying expression levels and E-values were selected for
further characterization. These transcripts were placed within the following toxin groups by
Venomix: neprilysin-1, plancitoxin-1, hyaluronidase, and toxin CrTX-A. Combined outputs from
GO FEAT and Phyre2 analyses provide convincing evidence that these unique transcripts are
properly identified venom constituents. Looking first at the neprilysin-1 transcript, GO FEAT
analysis identified peptidase_M13 and _M13_N domains which are characteristic of the
neprilysin family. Further, Phyre2 protein structure prediction and the corresponding multiple
sequence alignment file matched this transcript with high confidence to neprilysin. These zinc
metalloproteases, which likely degrade extracellular components to facilitate the spread of
venom, have been identified in Cyanea capillata and in four cerianthid species (Klompen et al.,
2020; Liu et al., 2015b; Zobel-Thropp et al., 2019).
The second selected venom candidate was identified by Venomix as plancitoxin-1. This
identification is supported by the presence of a DNase_II domain, deoxyribonuclease II activity,
as well as by Phyre2 predicted structure and multiple sequence alignment. Plancitoxin was first
described in the crown-of-thorns starfish Acanthaster planci and demonstrated potent
hepatotoxic activity (Shiomi et al., 2004). It has been identified in the jellyfish venoms of
Cyanea capillata, Chrysaora fuscescens, Stomolophus meleagris, and Cyanea nozakii (Li et al.,
2014; 2016; Liu et al., 2015b; Ponce et al., 2016).
The third transcript, which exhibited a TPM value below 1, was identified by Venomix
and supporting analyses as hyaluronidase. This transcript contains a Glyco_hydro_56 domain
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characteristic of enzymes that hydrolyze glycosidic bonds as well as a TIM barrel structure, one
of the conserved structural features of hyaluronidases (Bala et al., 2018). The predicted protein
structure of this transcript also contained an alpha-helical barrel structure, further supporting the
presence of the conserved TIM barrel. In venom, these widely found proteins are responsible for
degrading extracellular matrix to facilitate the spread of venom, leading to local tissue damage,
inflammation, and increased membrane/tissue permeability (Bala et al., 2018). Given that this
transcript is lowly expressed, it would have been eliminated had a TPM threshold filter been
placed on the preliminary analysis, thus emphasizing the importance of examining rare
transcripts in venom transcriptomes.
The fourth selected venom transcript was placed within the CrTX-A Venomix toxin
group. While no Pfam domains were identified, GO values such as nematocyst, hemolysis in
other organisms, and toxic activity and supporting Phyre2 analyses provide evidence that this
transcript is similar to jellyfish pore-forming toxins such as CrTX-A. This family of poreforming jellyfish toxins was first identified in cubozoans, but has also been found in
scyphozoans, hydrozoans, and anthozoans, suggesting common evolutionary origin (reviewed by
Jouiaei et al., 2015). These porins are potent hemolytic toxins and are the most fast-acting toxins
secreted by jellyfish. Given that the closest four matches to this transcript were all predicted
proteins, it is likely that many forms of these porins exist but have not yet been fully described.
Future studies of this species venom should focus on verification using interdisciplinary
techniques. Unique putative proteins such as the astacin-like metalloprotease containing ShK and
disocoidin domains and jellyfish pore-forming toxin can be amplified by RT-PCR or from
genomic DNA by designing primers from their corresponding transcripts. This would allow for
direct Sanger Sequencing of the amplicons to verify that they are not artifacts of Trinity
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assembly. Protein domain and signal peptide analysis of all unique venom candidates would help
eliminate extraneous proteins and create a more refined list of venom candidates. While not
analyzed in this study, the RNA-Seq libraries of the same samples used here were run a second
time. Given that a MiSeq, which does not have as great of a reading depth as a HiSeq, was used
for NGS, it may be useful to create and analyze a new transcriptome by combining the output
FASTQ files from both runs. This may improve expression data and the quality of Trinity
assembly. Further, Transcriptomic studies are often paired with proteomics to verify protein
content, as was done by Brinkman et al. (2015) for the venom composition of Chironex fleckeri.

Conclusion
Gonionemus vertens appearances have been increasing internationally along with toxic
sting reports. Given the potency of this small hydrozoan’s venom, the lack of treatment options
for sting victims, and the potential as a marine natural resource its venom composition is of
considerable interest. This study is the first to generate a whole-organism transcriptome of this
important species from which venom candidates were extracted. Based on BLAST hits alone, G.
verten’s venom is likely dominated by metalloproteases and Kunitz-type/proteases inhibitors, a
finding that is common in jellyfish venoms. Expression analysis also suggests that
metalloproteases, particularly those that are astacin-like, dominate venom composition as well as
chymotrypsin/thrombin-like enzymes, kazal-type serine protease, peroxiredoxin, and
plancitioxin. An assortment of uncommonly reported venom constituents may be present in this
species venom including plancitoxin, galactose-specific lectin, and latroinsectotoxin, but further
research is needed to confirm. Regardless of these uncommon candidates, the preliminary
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composition of this species venom based on expression data seems to closely resembles that of
the box jellyfish Chironex fleckeri. The above-mentioned proteins along with many other
candidates, such as neprilysin, hyaluronidase, and CrTX-A, could explain the physiological
symptoms of G. vertens stings, many of which are cardiovascular and neurological in nature.
While further bioinformatic and proteomic investigations are needed to confirm venom
composition with more confidence, this species venom is already showing signs of serving as a
rich source of novel proteins, such as a potential astacin-like metalloprotease containing a unique
combination of ShK and discoidin domains. Exploration of novel protein structures and other
cnidarian venoms may lead to innovative applications, especially those within the biomedical
field, and suggest improved treatment options for stings.
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Appendices
Appendix A. Fragment Length Distribution of RNA-Seq Libraries
x-axis is length in base pairs [bp] and y-axis is Relative Fluorescence Units [FU]. Peaks at 35
and 10,380 bp are internal size markers.
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Appendix B: Q Score Distribution of MiSeq Reads

63

Appendix C. Go Value Distribution and Frequency
Molecular Function
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Biological Function
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Cellular Component
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TRINITY_DN25915_c1_g2_i1
TRINITY_DN27706_c0_g2_i3
TRINITY_DN23030_c1_g22_i2
TRINITY_DN27910_c1_g5_i1
TRINITY_DN48923_c0_g1_i1
TRINITY_DN14237_c0_g1_i1
TRINITY_DN9263_c0_g2_i1
TRINITY_DN27265_c3_g3_i2
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TRINITY_DN27892_c0_g1_i2
TRINITY_DN20452_c0_g1_i1
TRINITY_DN24385_c0_g1_i1
TRINITY_DN27543_c0_g3_i1
TRINITY_DN24750_c0_g3_i2
TRINITY_DN25541_c1_g1_i2
TRINITY_DN24606_c0_g1_i1
TRINITY_DN26619_c0_g1_i2
TRINITY_DN27951_c4_g4_i1
TRINITY_DN20233_c0_g2_i4
TRINITY_DN22489_c0_g19_i2
TRINITY_DN27146_c0_g1_i1
TRINITY_DN27951_c4_g2_i3
TRINITY_DN27892_c0_g1_i1
TRINITY_DN23021_c0_g1_i3
TRINITY_DN19038_c0_g1_i1
TRINITY_DN24456_c0_g1_i1
TRINITY_DN27870_c0_g1_i1
TRINITY_DN26317_c0_g2_i5
TRINITY_DN24079_c1_g1_i1
TRINITY_DN26533_c0_g1_i1
TRINITY_DN21155_c0_g1_i1
TRINITY_DN24960_c0_g1_i2
TRINITY_DN25790_c0_g1_i1
TRINITY_DN25427_c8_g4_i1
TRINITY_DN27746_c0_g1_i1
TRINITY_DN24810_c0_g1_i1
TRINITY_DN21186_c0_g1_i1
TRINITY_DN27179_c0_g12_i1
TRINITY_DN7421_c0_g1_i1
TRINITY_DN17709_c0_g1_i1
TRINITY_DN24332_c0_g2_i1

TRINITY_DN27272_c2_g1_i1
TRINITY_DN27179_c0_g13_i1
TRINITY_DN2857_c0_g2_i1
TRINITY_DN27537_c0_g1_i3
TRINITY_DN3498_c0_g1_i1
TRINITY_DN19914_c0_g1_i1
TRINITY_DN26889_c0_g1_i5
TRINITY_DN28072_c1_g22_i1
TRINITY_DN26211_c0_g1_i1
TRINITY_DN28818_c0_g1_i1
TRINITY_DN18455_c0_g2_i1
TRINITY_DN27265_c3_g2_i8
TRINITY_DN26619_c0_g1_i3
TRINITY_DN19132_c0_g1_i2
TRINITY_DN27265_c3_g12_i2
TRINITY_DN23030_c1_g2_i1
TRINITY_DN23641_c0_g1_i1
TRINITY_DN22970_c0_g3_i3
TRINITY_DN22364_c0_g3_i1
TRINITY_DN23841_c0_g1_i1
TRINITY_DN26583_c1_g1_i2
TRINITY_DN13416_c0_g1_i1
TRINITY_DN7789_c0_g1_i1
TRINITY_DN27910_c1_g5_i15
TRINITY_DN20914_c0_g1_i1
TRINITY_DN24307_c0_g1_i2
TRINITY_DN18597_c0_g1_i1
TRINITY_DN28104_c2_g3_i1
TRINITY_DN26389_c3_g5_i1
TRINITY_DN23626_c0_g1_i2
TRINITY_DN20426_c0_g1_i1
TRINITY_DN27291_c0_g2_i3

TRINITY_DN25671_c0_g1_i5
TRINITY_DN27272_c2_g7_i1
TRINITY_DN26889_c0_g1_i3
TRINITY_DN18204_c0_g1_i1
TRINITY_DN19000_c0_g3_i2
TRINITY_DN61014_c0_g1_i1
TRINITY_DN61912_c0_g1_i1
TRINITY_DN27388_c1_g5_i2
TRINITY_DN28072_c1_g15_i7
TRINITY_DN19000_c0_g4_i2
TRINITY_DN7773_c0_g2_i1
TRINITY_DN28104_c2_g1_i1
TRINITY_DN27436_c0_g2_i4
TRINITY_DN17288_c0_g3_i2
TRINITY_DN21882_c0_g1_i1
TRINITY_DN28072_c1_g3_i1
TRINITY_DN12774_c0_g1_i1
TRINITY_DN18449_c0_g1_i1
TRINITY_DN25915_c1_g4_i1
TRINITY_DN26892_c0_g2_i2
TRINITY_DN23030_c1_g18_i2
TRINITY_DN26369_c0_g1_i2
TRINITY_DN14338_c0_g1_i1
TRINITY_DN27272_c2_g13_i1
TRINITY_DN25915_c1_g2_i3
TRINITY_DN13565_c0_g1_i3
TRINITY_DN25180_c3_g1_i1
TRINITY_DN24399_c0_g1_i1
TRINITY_DN13721_c0_g1_i1
TRINITY_DN25411_c1_g8_i3
TRINITY_DN8111_c0_g1_i1
TRINITY_DN28072_c1_g11_i1

TRINITY_DN9187_c0_g2_i1
TRINITY_DN26583_c1_g1_i7
TRINITY_DN36569_c0_g1_i1
TRINITY_DN61_c0_g1_i1
TRINITY_DN3571_c0_g2_i1
TRINITY_DN48234_c0_g1_i1
TRINITY_DN46929_c0_g1_i1
TRINITY_DN28072_c1_g15_i5
TRINITY_DN7041_c0_g2_i1
TRINITY_DN13565_c0_g1_i2
TRINITY_DN41825_c0_g1_i1
TRINITY_DN28072_c1_g15_i6
TRINITY_DN3571_c0_g1_i1
TRINITY_DN27910_c1_g9_i1
TRINITY_DN2036_c0_g1_i1
TRINITY_DN19000_c0_g3_i1
TRINITY_DN27272_c1_g2_i1
TRINITY_DN25915_c1_g2_i2
TRINITY_DN14237_c0_g1_i2
TRINITY_DN23030_c1_g5_i1
TRINITY_DN23264_c1_g12_i1
TRINITY_DN7066_c0_g2_i1
TRINITY_DN38709_c0_g1_i1
TRINITY_DN25161_c2_g3_i2
TRINITY_DN37217_c0_g1_i1
TRINITY_DN86035_c0_g1_i1
TRINITY_DN23264_c1_g8_i1
TRINITY_DN23030_c1_g1_i1
TRINITY_DN23484_c2_g1_i1
TRINITY_DN10103_c0_g2_i1
TRINITY_DN501_c0_g2_i1
TRINITY_DN27272_c2_g3_i1
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TRINITY_DN27892_c0_g1_i3
TRINITY_DN26389_c3_g1_i1
TRINITY_DN20233_c0_g2_i5
TRINITY_DN28072_c1_g8_i1
TRINITY_DN20754_c0_g1_i1
TRINITY_DN25427_c8_g10_i5
TRINITY_DN25832_c0_g1_i1
TRINITY_DN23264_c1_g9_i1
TRINITY_DN26349_c0_g5_i1
TRINITY_DN26195_c0_g1_i1
TRINITY_DN22998_c0_g1_i1
TRINITY_DN22841_c0_g1_i1
TRINITY_DN17218_c0_g1_i1
TRINITY_DN27717_c1_g18_i1
TRINITY_DN42531_c0_g1_i1
TRINITY_DN7066_c0_g1_i1
TRINITY_DN65959_c0_g1_i1
TRINITY_DN12249_c0_g1_i1
TRINITY_DN14608_c0_g3_i1
TRINITY_DN884_c0_g3_i1
TRINITY_DN27288_c0_g1_i3
TRINITY_DN25541_c1_g1_i1
TRINITY_DN20005_c2_g1_i1
TRINITY_DN26583_c1_g1_i3
TRINITY_DN23030_c1_g10_i1
TRINITY_DN23030_c1_g13_i1
TRINITY_DN26389_c3_g5_i6

TRINITY_DN24397_c0_g1_i2
TRINITY_DN9739_c0_g1_i1
TRINITY_DN28104_c2_g3_i6
TRINITY_DN27910_c1_g5_i13
TRINITY_DN10299_c0_g3_i1
TRINITY_DN26345_c0_g1_i1
TRINITY_DN27168_c0_g6_i3
TRINITY_DN17288_c0_g3_i3
TRINITY_DN7421_c0_g2_i1
TRINITY_DN17521_c0_g2_i1
TRINITY_DN26563_c0_g2_i3
TRINITY_DN163_c0_g2_i1
TRINITY_DN25411_c1_g8_i4
TRINITY_DN7041_c0_g1_i1
TRINITY_DN16859_c0_g5_i2
TRINITY_DN25671_c0_g1_i7
TRINITY_DN27288_c0_g1_i2
TRINITY_DN27265_c3_g3_i3
TRINITY_DN90233_c0_g1_i1
TRINITY_DN25180_c3_g4_i1
TRINITY_DN81192_c0_g1_i1
TRINITY_DN5935_c0_g2_i1
TRINITY_DN26889_c0_g1_i6
TRINITY_DN51355_c0_g1_i1
TRINITY_DN27717_c1_g18_i3
TRINITY_DN20233_c0_g2_i1

TRINITY_DN23264_c1_g11_i1
TRINITY_DN501_c0_g1_i1
TRINITY_DN3663_c0_g1_i1
TRINITY_DN8111_c0_g2_i1
TRINITY_DN28072_c1_g1_i1
TRINITY_DN34537_c0_g1_i1
TRINITY_DN42554_c0_g1_i1
TRINITY_DN26317_c0_g2_i4
TRINITY_DN32535_c0_g1_i1
TRINITY_DN27910_c1_g3_i1
TRINITY_DN23949_c1_g2_i1
TRINITY_DN27179_c0_g7_i1
TRINITY_DN27179_c0_g11_i1
TRINITY_DN23484_c2_g3_i1
TRINITY_DN23484_c2_g6_i1
TRINITY_DN23484_c2_g7_i1
TRINITY_DN23484_c2_g9_i1
TRINITY_DN25427_c8_g14_i1
TRINITY_DN25427_c8_g19_i1
TRINITY_DN19000_c0_g8_i1
TRINITY_DN23264_c1_g3_i1
TRINITY_DN25411_c1_g1_i1
TRINITY_DN25411_c1_g8_i1
TRINITY_DN27388_c1_g7_i2
TRINITY_DN23484_c2_g4_i1
TRINITY_DN20298_c0_g3_i1

TRINITY_DN9187_c0_g1_i1
TRINITY_DN27706_c0_g2_i7
TRINITY_DN61912_c0_g2_i1
TRINITY_DN22951_c0_g1_i3
TRINITY_DN25180_c3_g3_i1
TRINITY_DN35491_c0_g1_i1
TRINITY_DN79240_c0_g1_i1
TRINITY_DN6688_c0_g1_i1
TRINITY_DN27272_c2_g7_i4
TRINITY_DN13736_c0_g1_i1
TRINITY_DN26889_c0_g3_i1
TRINITY_DN37031_c0_g2_i1
TRINITY_DN25671_c0_g1_i6
TRINITY_DN23229_c0_g6_i1
TRINITY_DN48549_c0_g1_i1
TRINITY_DN27257_c2_g28_i1
TRINITY_DN27257_c2_g142_i1
TRINITY_DN27257_c2_g164_i1
TRINITY_DN12459_c0_g1_i2
TRINITY_DN9263_c0_g1_i1
TRINITY_DN19000_c0_g4_i1
TRINITY_DN7766_c0_g1_i1
TRINITY_DN27706_c0_g2_i1
TRINITY_DN27910_c1_g5_i12
TRINITY_DN14317_c0_g2_i1
TRINITY_DN26389_c3_g5_i7
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Appendix E. Venomix Toxin Groups Sorted by E-Value
Venomix Toxin Group
Neprilysin-1_1
Zinc_metalloproteinase-disintegrin-like_VAP2B_272
Plancitoxin-1_1
Glutaminyl-peptide_cyclotransferase_1
Putative_protein-glutamate_O-methyltransferase_1
Alpha-latroinsectotoxin-Lt1a_2
Alpha-latroinsectotoxin-Lh1a_1
Snake_venom_metalloproteinase_acutolysin-C_1
Delta-latroinsectotoxin-Lt1a_1
Phospholipase_A1_19
Astacin-like_metalloprotease_toxin_1_1
Disintegrin-like_leberagin-C_8
Venom_prothrombin_activator_pseutarin-C_catalytic_subunit_12
Techylectin-like_protein_1
Zinc_metalloproteinase-disintegrin-like_alternagin_2
Astacin-like_metalloprotease_toxin_3_2
Zinc_metalloproteinase_recombinant_fibrinogenase_II_1
Astacin-like_metalloprotease_toxin_5_1
Snake_venom_metalloproteinase_fibrolase_19
Venom_peptide_isomerase_heavy_chain_2
Acetylcholinesterase-1_1
Kunitz-type_serine_protease_inhibitor_bitisilin-3_1
Hyaluronidase_1
Snake_venom_metalloproteinase_Ac1_1
Factor_V_activator_RVV-V_gamma_142
Thrombin-like_enzyme_ancrod_11
Astacin-like_metalloprotease_toxin_4_1
Galactose-specific_lectin_nattectin_1
Kunitz-type_serine_protease_inhibitor_U1-aranetoxin-Av1a_1
Disintegrin_bitistatin_6
Basic_phospholipase_A2_notexin_18
Phospholipase_A2_large_subunit_1
Acidic_phospholipase_A2_1_322
Venom_allergen_5
Kunitz-type_serine_protease_inhibitor_2_4
C-type_lectin_mannose-binding_isoform_30
Protease_inhibitor_1_6
Kunitz-type_serine_protease_inhibitor_Hg1_1
Peroxiredoxin-4_1
Kunitz-type_serine_protease_inhibitor_BmKTT-2_1
Disintegrin_saxatilin_24
Kunitz-type_serine_protease_inhibitor_conotoxin_Cal9

Accession
sp|W4VS99
sp|Q90282
sp|Q75WF2
sp|A7ISW2
sp|Q8MMH3
sp|Q02989
sp|P23631
sp|Q9PW36
sp|Q25338
sp|P53357
sp|A0FKN6
sp|C0LZJ5
sp|Q56VR3
sp|P85031
sp|P0C6R9
sp|C9D7R3
sp|A2TK72
sp|P0DM62
sp|P28891
sp|Q9TXD8
sp|W4VSJ0
sp|Q6T269
sp|P85841
sp|Q7LZS9
sp|P18965
sp|P26324
sp|P0DM61
sp|Q66S03
sp|Q8T3S7
sp|P17497
sp|P00608
sp|Q3YAU5
sp|Q6SLM2
sp|P86686
sp|P00985
sp|D2YVH7
sp|C1IC50
sp|P0C8W3
sp|P0CV91
sp|P0DJ50
sp|Q9DGH6
sp|D2Y488

E-value
8.36E-121
1.31E-84
9.28E-78
7.28E-72
8.50E-67
1.18E-54
3.82E-53
5.17E-45
7.15E-45
1.66E-39
1.96E-39
4.68E-39
9.06E-39
1.66E-37
1.91E-36
1.43E-35
5.75E-34
1.26E-33
1.89E-33
2.78E-33
1.41E-29
4.78E-29
3.41E-28
8.76E-28
2.27E-26
1.72E-24
2.59E-24
1.39E-22
5.49E-20
2.19E-19
2.77E-19
2.90E-19
4.20E-18
3.26E-17
1.03E-16
1.52E-16
3.03E-16
3.28E-16
3.36E-16
3.87E-16
1.17E-15
1.89E-15
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Hyaluronidase_conohyal-ad1_1
Zinc_metalloproteinase-disintegrin-like_mikarin_1
Kunitz-type_serine_protease_inhibitor_PIVL_13
KappaPI-theraphotoxin-Hs1a_80
Kunitz-type_serine_protease_inhibitor_BmKTT-3_1
Venom_allergen_5_1
Phospholipase_A2_imperatoxin-1_4
Kunitz-type_serine_protease_inhibitor_As-fr-19_1
Thrombin-like_enzyme_TLBm_1
Basic_phospholipase_A2_2_60
Venom_allergen_3_30
Zinc_metalloproteinase-disintegrin-like_ammodytagin_1
Basic_phospholipase_A2_acanthin-1_3
Snaclec_echicetin_subunit_beta_6
Snaclec_echicetin_subunit_alpha_1
Conodipine-M_alpha_chain_1
Hyaluronidase_conohyal-Cn1_1
Sphingomyelin_phosphodiesterase_D_1
Snaclec_coagulation_factor_X-activating_enzyme_light_chain_2_135
Snaclec_coagulation_factor_IX@factor_Xbinding_protein_subunit_A_1Gloydius halys
Snaclec_rhodocetin_subunit_delta_1
Kunitz-type_serine_protease_inhibitor_homolog_dendrotoxin_K_154
Kunitz-type_serine_protease_inhibitor_homolog_betabungarotoxin_B5-B_chain_1
Disintegrin_acostatin-alpha_26
Kunitz-type_serine_protease_inhibitor_homolog_delta-dendrotoxin_2
Phospholipase_A2_phaiodactylipin_6
Turripeptide_Ici9
Turripeptide_Pal9
Kunitz-type_serine_protease_inhibitor_homolog_alpha-dendrotoxin_3
Snaclec_botrocetin_subunit_beta_1
L-amino-acid_oxidase_31
Cysteine-rich_venom_protein_Mr30_2
Toxin_CrTX-A_1
Snaclec_rhodocetin_subunit_alpha_2
Phospholipase_A2_Scol@Pla_1
Disintegrin_EMF10B_17
Neutral_phospholipase_A2_3_21
Disintegrin_lebein-1-beta_8
Kunitz-type_proteinase_inhibitor_AEPI-IV_2
C-type_lectin_galatrox_1
SE-cephalotoxin_1
U24-ctenitoxin-Pn1a_1

sp|I0CME8
sp|P0DJ43
sp|I2G9B4
sp|P68425
sp|P0DJ47
sp|P35781
sp|P59888
sp|Q589G4
sp|P0DJE9
sp|P00613
sp|P35778
sp|P0DJE2
sp|P81236
sp|Q7T247
sp|Q7T248
sp|Q9TWL9
sp|I0CME7
sp|Q202J4
sp|Q9DG39

2.91E-15
5.31E-15
6.29E-15
6.96E-15
1.10E-14
1.11E-14
1.54E-14
1.79E-14
2.00E-14
6.20E-14
1.36E-13
1.53E-13
4.10E-13
6.67E-13
6.70E-13
2.76E-12
5.89E-12
8.05E-12
8.81E-12

sp|Q9DG39
sp|D2YW40
sp|P00981

8.81E-12
1.21E-11
2.03E-11

sp|Q0PL65
sp|Q805F7
sp|P00982
sp|Q6PXP0
sp|P0DKM8
sp|P0DKT1
sp|P00980
sp|P22030
sp|X2JCV5
sp|A1BQQ5
sp|Q9GV72
sp|P81397
sp|C1JAR9
sp|P81743
sp|P14615
sp|P83254
sp|P0DMW9
sp|P0DM53
sp|B2DCR8
sp|P84032

2.28E-11
3.37E-11
4.08E-11
4.97E-11
5.50E-11
8.81E-11
1.05E-10
1.08E-10
1.29E-10
1.68E-10
3.15E-10
9.04E-10
1.29E-09
1.30E-09
1.38E-09
1.60E-09
3.14E-09
5.25E-09
7.97E-09
3.04E-08
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Kunitz-type_conkunitzin-S1_2
Cystatin-1_1
Kunitz-type_serine_protease_inhibitor_bicolin_1
Thrombin-like_enzyme_catroxobin-1_1
C-type_lectin_6
Serine_proteinase-like_BMK-CBP_1
Snake_venom_metalloprotease_inhibitor_02A10_1
Venom_protein_164_1
Kunitz-type_serine_protease_inhibitor_Kunitz-1_1
Nematocyte_expressed_protein_6_1
Phospholipase_A2_1
Phospholipase_A2_homolog_crotoxin_acid_subunit_CA_21
Snaclec_lebecin_subunit_alpha_9
Venom_allergen_5_15
Zinc_metalloproteinase@disintegrin_107
Zinc_metalloproteinase@disintegrin_4
Zinc_metalloproteinase@disintegrin_5

sp|P0C1X2
sp|J3RYX9
sp|C0LNR2
sp|Q7LZF5
sp|J3SBN9
sp|P0C8M2
sp|A8YPR9
sp|P0CJ13
X
X
X
X
X
X
X
X
X

3.80E-08
4.23E-08
8.29E-08
1.37E-07
1.70E-07
1.93E-07
3.97E-07
7.53E-07
X
X
X
X
X
X
X
X
X
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Appendix F. Phyre2 Secondary Structure Reports
Neprilysin-1

77

Plancitoxin-1
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79

Hyaluronidase

80

CrTX-A
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Appendix G. Phyre2 3D Predicted Protein Structures of Unique Transcripts

(A) Neprilysin-1, (B) Plancitoxin-1, (C) Hyaluronidase, (D) CrTX-A
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